Abstract. MicroRNAs (miRNAs) are acknowledged as essential regulators in human cancer types, including glioblastoma (GBM). However, the f unctions of microRNA-3666 (miR-3666) in GBM remain unclear. In the present study, it was identified that the expression of miR-3666 was significantly downregulated in GBM tissues compared with adjacent normal tissues by reverse transcription-quantitative polymerase chain reaction. Additionally, miR-3666 was downregulated in GBM cell lines. Furthermore, it was observed that the miR-3666 expression level in patients with GBM was associated with prognosis. With functional experiments, it was identified that overexpression of miR-3666 significantly inhibited the proliferation, migration and invasion of GBM cells in vitro by Cell Counting kit-8 and Transwell assays. Ectopic expression of miR-3666 significantly arrested GBM cells in the G 0 phase by fluorescence activated cell sorting. In terms of the underlying mechanism, it was identified that lysine-specific demethylase 2A (KDM2A) is a direct target of miR-3666 in GBM cells. Overexpression of miR-3666 significantly decreased the expression of KDM2A in GBM cells. Furthermore, it was observed that knockdown of KDM2A significantly suppressed the proliferation, migration and invasion of GBM cells. Collectively, the present results demonstrated that the miR-3666/KDM2A axis serves an important role in the progression of GBM, which provides novel insight into the development of therapeutic strategies for GBM treatment.
Introduction
Glioblastoma (GBM) is the most malignant and frequent brain tumor, which is characterized as having high recurrence and poor outcome (1) . At present, specific therapeutic strategies, including radiotherapy, surgery and chemotherapy, have been developed for GBM treatment (2) . However, the outcomes of patients with GBM are very poor. At present, the 5-year overall survival rate of patients with GBM remains less than 3% (3) . GBM has become a principal public health problem (4) . Therefore, there it is imperative to search for novel therapeutic targets and develop efficient therapeutic approaches for GBM intervention.
MicroRNAs (miRNAs) are a class of short and non-coding RNAs, which have a length of ~22 nucleotides (5) . Previous findings demonstrated that miRNAs are expressed in almost all types of cells and regulate gene expression by binding to the 3'-untranslated region (3'-UTR) of target mRNAs for degradation (6) . In past decades, accumulating evidence suggests that miRNAs are involved in a diversity of biological processes, including cell proliferation, migration and survival (7) (8) (9) . Due to their important physiological functions, dysregulation of miRNAs usually leads to human cancer, including GBM (10) . Previous studies suggest that miRNAs may be promising biomarkers and therapeutic targets for tumor diagnosis, prognosis and treatment (11, 12) . Improved understanding regarding the function and mechanism of miRNAs in GBM progression may contribute to the development of novel strategies for GBM treatment.
MicroRNA-3666 (miR-3666) has been demonstrated to inhibit the progression of non-small cell lung cancer (13) and thyroid carcinoma (14) . Whether miR-3666 serves a role in GBM remains largely unknown. In the present study, it was identified that miR-3666 was significantly downregulated in GBM tissues and cell lines. In addition, the expression of miR-3666 expression levels is associated with the prognosis of patients with GBM. Furthermore, it was demonstrated that overexpression of miR-3666 significantly suppressed the proliferation, migration and invasion. Regarding the underlying mechanisms, it was observed that miR-3666 targeted lysine-specific demethylase 2A (KDM2A). By inhibition of KDM2A expression, miR-3666 decreased the proliferation, migration and invasion of GBM cells. Collectively, the present study, to the best of our knowledge, for the first time identified the key function of the miR-3666/KDM2A axis in GBM, which suggested that miR-3666 may be a promising therapeutic target for GBM intervention. Cell culture. The human GBM cell lines (A172, U251 and T98G) were obtained from the American Type Culture Collection (Manassas, VA, USA). Human astrocyte cell line HA was from Lonza Group, Ltd. (Basel, Switzerland). All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin G and 100 µg/ml streptomycin (Sigma-Aldrich; Merck KGaA). Normal human astrocytes (NHAs), obtained from Lonza Group, Ltd., were cultured in the provided astrocyte growth media and 5% FBS. Cells were incubated in a humidified atmosphere with 5% CO 2 at 37˚C.
Patients and methods

Patient samples.
Transfection. The U251 cells (2x10 6 ) were seeded in 6-well plates and cultured for 18 h prior to transfection. Transfection was performed using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A total of 48 h post-transfection, subsequent experiments were performed. RNA with no homology to any human genomic sequence was regarded as the negative control (miR-NC). The miR-3666 mimics (5'-CAG UGC AAG UGU AGA UGC CGA-3'; 50 nM) and small interfering (si)-KDM2A (5'-GCC AUC UUC CGU UGC AAA G-3'; 50 nM) sequences were designed and synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China).
Cell proliferation. For the Cell Counting kit-8 (CCK-8) assay, 2x10 3 U251 cells per well were seeded in 96-well plates and the cells were subsequently cultured for 24, 48 and 72 h prior to performing the CCK-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Following incubation with CCK-8 at 37˚C, absorbance (optical density value) at a wavelength of 450 nm was detected and used to calculate cell viability.
Colony formation. A total of 2x10 3 U251 cells per well were seeded into 6-well plates. Cells were cultured at 37˚C for 14 days.
Formed clones were then fixed with 4% polyformaldehyde for 30 min at 25˚C, stained with 0.1% crystal violet for 20 min at 25˚C. Cell numbers in five random fields were counted using a light microscope (magnification, x100).
Cell cycle analysis.
A total of 1x10 6 cells were harvested, washed twice with ice-cold PBS and then fixed in 70% ethanol for 24 h at 4˚C. Cells were subsequently washed three times with ice cold PBS and incubated with 1 mg/ml RNase A (cat. no. R6148; Sigma Aldrich; Merck KGaA) for 30 min at 37˚C. Following this, cells were stained at 25˚C for 10 min with 50 µg/ml propidium iodide (BD Biosciences, Franklin Lakes, NJ, USA) in 0.5% Tween-20 with PBS and subjected to analysis of cell cycle distribution using a BD FACScan flow cytometer (BD Biosciences) coupled with Cell Quest acquisition and analysis programs (version 2; BD Biosciences).
Bioinformatics analysis. The Target Scan tool (version 7.1; http://www.targetscan.org/index.html) was used to predict the potential targets of miR-3666.
Western blot analysis. U251 cells were lysed in cold radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.), and the protein concentration was determined using a Bicinchoninic Acid Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Protein (40 µg/lane) was separated via 10% SDS-PAGE and then transferred to a polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific, Inc.). Following this, the membrane was blocked using 5% non-fat milk in PBS (Thermo Fisher Scientific, Inc.) containing 0.1% Tween-20 (Sigma-Aldrich; Merck KGaA) at room temperature for 3 h. Subsequently, the PVDF membrane was incubated with rabbit anti-human polyclonal KDM2A (1:1,000; cat. no. ab191387; Abcam, Cambridge, MA, USA) and rabbit anti-human GAPDH (1:1,000; cat. no. ab9485; Abcam) primary antibodies at room temperature for 2 h. Following washing with PBS for 10 min, the PVDF membrane was incubated with horseradish peroxidase-tagged goat anti-rabbit secondary antibodies (1:5,000; cat. no. ab7090; Abcam) at room temperature for 1 h. Membranes were then washed with PBS for 10 min, and the protein bands were visualized using an Enhanced Chemiluminescence Western Blotting kit (Pierce; Thermo Fisher Scientific, Inc.), in accordance with the manufacturer's protocol. Protein densitometry was performed using ImageJ software (version 1.41; National Institutes of Health, Bethesda, MD, USA).
Transwell migration and Matrigel invasion assays. U251 cells were seeded in 24-well culture plates at a density of 1x10 5 cells/well and subsequently cultured at 37˚C for 18 h prior to transfection. Lipofectamine ® 2000 RNAiMAX was added at a density of 1.5 µl/well and either miR-3666 mimics or si-KDM2A was subsequently added (15 pM/well). Cells were harvested 48 h post-transfection. Following the manufacturer's protocol, 2x10 4 cells with 100 µl serum-free DMEM (Thermo Fisher Scientific, Inc.) were seeded into the upper chamber of the Transwell plates (Costar; Corning Incorporated, Corning, NY, USA) for the migration assays, whereas, cells with 100 µl serum-free DMEM were plated into the upper chamber of an insert coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) for the invasion assays. The lower chambers were filled with 600 µl DMEM containing 10% FBS. Following 48 h of incubation, the cells remaining on the upper membrane were removed with cotton swabs, whereas, those that had migrated or invaded through the membrane were fixed in 4% polyformaldehyde for 30 min at 25˚C and stained with 0.1% crystal violet for 20 min at 25˚C. The number of cells was calculated by imaging five random fields/filters using a fluorescence inversion microscope system (Nikon Corporation, Tokyo, Japan) at a magnification of x200. All the experiments were performed at least three times independently.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA of GBM samples and cultured cells were extracted with TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. cDNA was synthesized from isolated RNA using a TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. qPCR was performed with a TaqMan MicroRNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) on an ABI7300 PCR detection system. The thermocycling conditions were as follows: Denaturation at 95˚C for 10 min; followed by 40 cycles of denaturation at 95˚C for 15 sec and elongation at 60˚C for 1 min. The expression levels of miR-3666 and KDM2A were normalized with U6 or GAPDH. The RT-qPCR primer sequences were as follows: miR-3666 forward, A5'-ACG AGA CGA CGA CAG AC-3' and reverse, 5'-CAG TGC AAG TGT AGA TGC CGA-3'; U6 forward, 5'-AAC GAG ACG ACG ACA GAC-3' and reverse, 5'-GCA AAT TCG TGA AGC GTT CCA TA-3'; KDM2A forward, 5'-GTG ACG CAG CAG CAT TGT TC-3'; and reverse, 5'-CAG ACT ACC CAG AGG GAG CA-3'; and GAPDH forward, 5'-ATG TTG CAA CCG GGA AGG AA-3' and reverse, 5'-AGG AAA AGC ATC ACC CGG AG-3' . Quantification was performed using the 2 -∆∆Cq method (15) . . A total of 48 h post-transfection, the effect of the miR-3666 on luciferase expression was assessed using a Dual-GLO™ Luciferase Assay System (cat. no. E2940; Promega, Corporation). Luciferase activity was normalized to Renilla luciferase activity.
Statistical analysis. Each experiment was repeated at least three times. Data are expressed as the mean ± standard deviation. All statistical analyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism (version 6; GraphPad Software, Inc., La Jolla, CA, USA). The Kaplan-Meier method was used to calculate the survival curve, and log-rank test to determine statistical significance. Student's t-test and one-way analysis of variance followed by Tukey's post hoc test were used to analyze two or multiple groups, respectively, for statistical significance. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-3666 is downregulated in GBM tissues
. miRNAs have been demonstrated to be important regulators in human cancer. In order to examine the function of miR-3666 in GBM, its expression patterns were analyzed by RT-qPCR. The results demonstrated that miR-3666 expression was significantly decreased in GBM tissues (n=38) compared with adjacent normal tissues (n=38; Fig. 1A ; P<0.05). The expression of miR-3666 was additionally assessed in GBM cell lines. RT-qPCR analysis demonstrated that miR-3666 expression was significantly downregulated in U251, A172 and T98G cells compared with NHAs ( Fig. 1B; P<0.05) . Furthermore, to determine whether miR-3666 expression is able to serve as a biomarker for GBM prognosis, these GBM samples were divided into two groups based on miR-3666 expression levels. Kaplan-Meier survival analysis revealed that higher expression of miR-3666 in patients with GBM was associated with higher survival rate (Fig. 1C) . Collectively, these results demonstrated miR-3666 was downregulated in GBM tissues, which suggested its dysregulation may contribute to GBM progression. miR-3666 suppresses GBM cell proliferation and cell cycle progression. To determine the physiological roles of miR-3666 in GBM, miR-3666 was overexpressed in U251 cells by transfection with miR-3666 mimics. The RT-qPCR results indicated that miR-3666 was significantly upregulated in U251 cells transfected with miR-3666 mimics compared with the miR-NC group ( Fig. 2A; P<0 .05). CCK-8 assays were conducted to analyze the effect of miR-3666 on cell proliferation. The results demonstrated that the overexpression of miR-3666 suppressed the proliferation of U251 cells (Fig. 2B ) and decreased the number of colonies (data not shown). To determine whether impaired proliferation by miR-3666 was induced by an aberrant cell cycle, the cell cycle distribution in Fig. 2C; P<0.05 ). In conclusion, the data suggested that miR-3666 suppressed the proliferation and cell cycle progression of GBM cells.
miR-3666 inhibits the migration and invasion of GBM cells.
Tumor metastasis is a principal cause of malignancy. Therefore, the effect of miR-3666 on GBM cell migration and invasion was analyzed. Transwell migration and Matrigel invasion assays were conducted with U251 cells transfected with 
KDM2A is a target of miR-3666.
To further examine the mechanism of miR-3666, the target genes of miR-3666 were searched for in GBM cells. By bioinformatics analysis using TargetScan7 (http://www.targetscan.org/vert_71/), it was identified that KDM2A was one of the most potential targets. There are three potential binding sites of miR-3666 in the 3'-UTR region of KDM2A (Fig. 4A) . To verify the direct interaction between miR-3666 and KDM2A mRNA, luciferase reporter assays were performed with the reporter plasmid containing the WT or mutant 3'-UTR region of KDM2A mRNA. The results suggested that overexpression of miR-3666 significantly decreased the luciferase activity in U251 cells transfected with WT reporter plasmid; however, not the mutant plasmid ( Fig. 4B; P<0 .05). Furthermore, it was observed that overexpression of miR-3666 significantly downregulated the mRNA expression level of KDM2A in U251 cells ( Fig. 4C; P<0.05) . Consistently, western blot analysis additionally suggested that miR-3666 overexpression significantly inhibited the protein expression level of KDM2A in U251 cells ( Fig. 4D; P<0 .05).
Knockdown of KDM2A suppresses the proliferation, migration and invasion of GBM cells.
To determine whether KDM2A is important in miR-3666-mediated inhibition of GBM cell proliferation, migration and invasion, the effect of KDM2A on these activities in U251 cell was investigated. Upon transfection with specific siRNA against KDM2A, the KDM2A expression level was effectively knocked down in U251 cells (Fig. 5A) . CCK-8 assays demonstrated that knockdown of KDM2A suppressed the proliferative ability of U251 cells (Fig. 5B) . FACS analysis suggested that KDM2A knockdown additionally resulted in a significant decrease of the cells in S phase and a significant increase of cells in the G 0 /G 1 phase (Fig. 5C ; P<0.05). Furthermore, Transwell and Matrigel assays indicated that KDM2A depletion significantly decreased the abilities of migration and invasion in U251 cells ( Fig. 5D and E; P<0.05) .
Collectively, these results suggested that KDM2A knockdown inhibited the proliferation, migration and invasion of GBM cells, which suggested that miR-3666 regulates GBM progression by targeting KDM2A at least partially.
Discussion
The present results demonstrated that miR-3666 serves as a tumor suppressor in GBM cells. Additionally, it was identified that KDM2A may be a direct target of miR-3666 in U251 cells. Overexpression of miR-3666 or knockdown of KDM2A suppressed the proliferation, migration and invasion, which suggested that miR-3666 suppressed the progression of GBM by targeting KDM2A at least in part.
miRNAs are a group of short regulatory non-coding RNAs that participate in the regulation of post-transcriptional gene expression by binding to complementary sequences (16) . Accumulating evidence suggested that miRNAs are involved in various cell processes, including cell proliferation, apoptosis, migration and invasion (17) . Dysregulation of miRNAs is reported in human cancer, including colorectal cancer (18) , glioma (19) , cholangiocarcinoma (20) , breast cancer (21), non-small cell lung cancer (22) , esophageal squamous carcinoma (23), gastric cancer (24), papillary thyroid cancer (25) and renal cell carcinoma (26) . An increasing number of studies suggest that miRNAs are potential biomarkers for cancer diagnosis and prognosis, and effective therapeutic targets for tumor treatments (26) (27) (28) . Numerous miRNAs have been reported to regulate the development and progression of GBM (27) . For example, Wang et al (10) reported that miRNA-598 inhibits cell proliferation and invasion of GBM by directly targeting metastasis associated in colon cancer-1. In addition, Chen et al (28) demonstrated that downregulation of miR-205 is associated with GBM cell migration, invasion and the epithelial-mesenchymal transition, by targeting zinc finger E-box-binding homeobox 1 via the protein kinase B/mammalian target of rapamycin signaling pathway. miR-3666 has been demonstrated to inhibit the progression of non-small cell lung cancer (13) and thyroid carcinoma (14) . However, its exact role and underlying mechanisms of miR-3666 in GBM require investigation. In the present study, it was observed that miR-3666 was significantly downregulated in GBM tissues. Furthermore, it was demonstrated that overexpression of miR-3666 inhibited cell proliferation, migration and invasion, and arrested cell cycle progression in U251 cells.
KDM2A is a histone H3 lysine 36 demethylase and consists of an F-box, a JmjC domain, a CXXC zinc finger, a PHD domain and three leucine-rich repeat elements (29) . A previous study suggested that KDM2A exerts an oncogenic role in a number of cancer types (29) . Chen et al (30) demonstrated that KDM2A represses TET2 to increase DNA methylation and dowregulation of tumor suppressor genes in breast cancer. Huang et al (31) reported that KDM2A enhanced tumor cell growth and migration in gastric cancer. In addition, Wagner et al (32) suggested that KDM2A promotes lung tumorigenesis by epigenetically enhancing extracellular signal-regulated kinase 1/2 signaling. However, the function of KDM2A in GBM has not been defined. In the present study, it was identified that KDM2A is a direct target of miR-3666 in GBM cells. It was demonstrated that overexpression of miR-3666 significantly decreased the mRNA and protein expression levels of KDM2A in U251 cells. Furthermore, with functional experiments, it was observed that KDM2A silencing significantly suppressed the proliferation, migration and invasion of U251 cells, which suggested that KDM2A is responsible for the function of miR-3336 in GBM progression at least in part.
In conclusion, the present study, to the best of our knowledge, for the first time identified the function of miR-3666 in GBM progression, and demonstrated that miR-3666 inhibited the proliferation, migration and invasion of GBM cell by targeting KDM2A. The present study suggests that miR-3666 may be a promising therapeutic target for GBM treatment. However, there were several limitations in the present study. Whether miR-3666 has an effect on GBM cell apoptosis was not investigated. Furthermore, the present study did not use in vivo assays, which are better able to demonstrate the roles of miR-3666 in GBM. Future studies should investigate how KDM2A participates in the regulation of GBM progression.
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